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ABSTRACT 


~  1 

An  automated,  computer-controlled  measurement  system  capable  of  conducting 
transmission  and  reflection  measurements  on  components  over  the  40  to  47  QIz 
frequency  range  la  described.  The  measurement  system  utilizes  harmonic  mixing 
In  conjunction  with  a  phase  locked,  dual  channel  receiver  to  downconvert 
signals  In  the  7  GHz  bandwidth  to  a  lower  Intermediate  frequency  (1  KHz)  where 
phase  and  amplitude  measurements  are  made. 

The  system  Is  capable  of  operating  over  a  dynamic  range  In  excess  of  50  dB 
when  used  with  an  EHF  source  producing  a  minimum  -10  dBm  output.  Following  a 
description  of  the  system  and  Its  operation,  some  performance  characteristics 
are  presented.  The  measurement  system  accuracy  Is  demonstrated  using  two 
types  of  reference  standards:  (1)  a  rotary  vane  attenuator  for  the 
transmission  measurements,  and  (2)  a  set  of  reduced-height  waveguide  VSWR 
standards  for  the  return  loss  measurements.  Results  obtained  using  these 
standards  have  Indicated  that  measurement  accuracies  of  0.25  dB  and  3°  are 
achievable  over  a  50  dB  dynamic  range. 
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I.  INTRODUCTION 


Because  of  the  Increasing  sophistication  of  components  designed  for 
millimeter  wavelengths,  It  Is  becoming  more  Important  to  characterize  the 
performance  of  these  components  In  terms  of  their  phase  and  amplitude 
responses.  Unfortunately,  commercially  available  network  analyzers  capable  of 
measuring  complex  s-parameters  are  for  the  most  part  limited  to  frequencies 
below  18  GHz.  Above  18  GHz  there  is  a  marked  absence  of  automated  network 
analyzers  capable  of  measuring  phase.  Consequently,  at  these  frequencies 
metrologlsts  have  had  to  either  resort  to  performing  scalar  (amplitude  only) 
measurements,  or  construct  their  own  phase  measurement  system. 

In  this  report  an  automated  measurement  system  capable  of  measuring  the 
complex  transmission  loss  (Sj^2'  ®21^  return  loss  822^  components 

over  the  40-47  GHz  frequency  range  Is  described.  The  measurement  system  Is 
built  around  the  Sclentif Ic-Atlanta  Series  1750  phase/amplitude  receiver,  a 
receiver  originally  designed  for  use  in  performing  antenna  radiation  pattern 
measurements.  Because  the  receiver  was  designed  to  be  operated  manually  at 
fixed  frequencies,  several  modifications  were  necessary  to  automate  its 
operation.  These  modifications,  along  with  a  description  of  the  measuring 
system  and  Its  operation,  are  discussed  in  Section  II.  The  receiving  system 
utilizes  harmonic  mixing  in  conjunction  with  the  phase  locked  dual  channel 
1750  receiver  to  downconvert  signals  in  the  7  GHz  bandwidth  to  a  lower 
Intermediate  frequency  (1  KHz)  where  phase  and  amplitude  measurements  are 
made.  The  performance  characteristics  of  this  system  are  presented  In 
Section  lit  along  with  a  comparison  of  the  measured  vs  theoretical  results 
obtained  using  two  types  of  reference  standards:  (1)  a  rotary  vane  attenuator 
for  the  transmission  measurements,  and  (2)  a  set  of  reduced-height  waveguide 
VSWR  standards  for  the  return  loss  measurements. 
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II.  SYSTEM  DESCRIPTION 


Shown  In  Fig.  1  Is  a  block  diagram  of  the  measurement  system.  It  is 
comprised  of  four  main  subsystems: 

1.  A  programmable  EHF  source, 

2.  A  ref lection/transmission  network, 

3.  An  automated  phase/amplitude  receiver,  and 

4.  A  system  controller  and  data  Interface. 

Frequencies  from  40  to  47  GHz  are  generated  by  mixing  the  frequency  doubled 
output  of  a  19  GHz  Gunn  local  oscillator  (LO)  with  a  2  to  9  GHz  Intermediate 
frequency  (IF)  to  produce  an  output  frequency  given  by 


RF 


2^lo  ^ 


IF 


(1) 


The  Image  frequency  (2fLQ~fjp)»  atid  spurious  frequencies  harmonically  related 
to  the  LO  and  IF  (l.e.,  nf^^Q+mf^-p)  are  suppressed  by  filtering  circuits  within 
the  upconverter  and  by  the  40-47  GHz  bandpass  filter  (BPF) .  Since  the  IF 
Input  signal  is  synthesized,  the  stability  of  the  output  frequency  is 
determined  primarily  by  the  frequency  stability  of  the  LO.  Because  Gunn  LOs 
typically  exhibit  long  term  frequency  variations  due  to  ambient  temperature 
changes  on  the  order  of  -0.5  to  -1  MHz/°C,  the  output  frequency,  If  left 
uncorrected,  would  vary  on  the  order  of  -1  to  -2  MHz/°C.  Although  this  amount 
of  frequency  drift  is  generally  acceptable  for  most  measurement  requirements, 
the  technique  used  In  tuning  and  phase  locking  the  receiver  Is  based  on 
knowing  the  source  frequency  very  precisely.  For  this  reason,  the  output 
frequency  Is  stabilized  by  counting  the  Gunn  LO  frequency  (just  prior  to  a 
measurement)  and  correcting  for  frequency  drifts  by  resetting  the  IF  source 
frequency.  With  this  technique  the  output  frequency  can  be  maintained  within 
75  KHz  of  the  desired  frequency  (l.e.,  ~2  ppm  at  44  GHz)  over  time  Intervals 
of  several  seconds,  corresponding  to  several  measurement  periods.  In 
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CONTROLLER/DATA  INTERFACE 


addition,  by  controlling  the  drive  level  of  the  IF  source  (using  a  stored 
calibration),  one  can  also  obtain  a  leveled  output.  For  a  nominal  +10  dBm 
Input  signal,  the  output  level  of  the  upconverter  can  be  maintained  within  the 
range  -1  dBm  i  1  dB  over  the  40-47  GHz  band.  The  upconverter  Is  capable  of 
operating  over  a  wider  frequency  range  with  somewhat  reduced  performance.  In 
the  present  system  configuration  the  frequency  range  Is  limited  by  the  2  GHz 
lower  frequency  limit  of  the  IF  synthesizer,  and  by  the  40-47  GHz  bandwidth  of 
the  output  filter. 

The  EHF  source  and  receiver  are  connected  together  by  the 
ref lection/ transmission  network  (RTN).  This  network  uses  a  dual-directional 
coupler  for  separating  the  Input  signal  into  a  test  channel  containing  the 
devlce-under-test  (OUT)  and  a  reference  channel  which  contains  the  reference 
signal  required  for  phase  locking  the  receiver.  Isolators  connected  to  the 
outputs  of  the  coupler  are  used  to  reduce  channel  cross-talk  by  minimizing  the 
reflection  and  coupling  of  signals  between  channels.  The  pair  of  10  dB 
directional  couplers  In  the  test  and  reference  channels  are  added  to  minimize 
impedance  mismatch  errors  by  reducing  the  VSVfR  produced  when  the  OUT  Is 
Inserted  into  the  network.  With  these  couplers  added,  the  source  VSWR  and  the 
load  VSWR  (as  seen  by  the  OUT)  remain  below  1.1  over  the  measurement  band. 

The  RTN  shown  In  Fig.  1  Is  configured  to  measure  the  transmission  loss  (or 
gain)  and  the  Insertion  phase  of  a  device  Inserted  into  the  test  channel.  The 
system  Is  calibrated  by  removing  the  OUT*  from  the  RTN  and  measuring  the 
amplitude  and  phase  difference  between  the  two  channels.  Ideally,  to  achieve 
maximum  accuracy  the  OUT  should  be  inserted  Into  the  network  without  changing 
the  calibration.  This,  of  course.  Is  Impossible  since  the  simple  operation  of 
placing  the  OUT  Into  the  RTN  Involves  opening  and  closing  waveguide  flanges 
and  physically  moving  the  waveguide,  all  of  which  can  change  the 
calibration.  As  a  means  of  facilitating  the  removal  and  insertion  of 


In  some  situations  the  system  may  be  calibrated  with  the  OUT  In  place.  For 
example.  In  characterizing  a  variable  attenuator  where  only  relative 
attenuation  changes  are  Important,  the  system  could  be  calibrated  with  the 
attenuator  In  place  and  set  to  Its  minimum  value. 
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components  into  the  RTN,  the  RTN  was  rigidly  mounted  on  two  separate  plates 
which  can  be  moved  relative  to  each  other  on  a  sliding  carriage.  With  this 
arrangement  components  having  their  input  and  output  ports  along  the  same  axis 
can  be  Inserted  into  (or  removed  from)  the  RTN  simply  by  opening  the 
appropriate  flanges  in  the  test  and  reference  channels,  sliding  the  network 
apart,  Inserting  (removing)  the  component  and  reconnecting  the  flanges. 
Normally  an  equivalent  length  of  waveguide  is  Inserted  into  the  reference 
channel  to  equalize  the  line  lengths  in  the  two  channels.  For  components 
whose  test  ports  are  offset  from  each  other  (i.e.,  not  collnear)  or  in 
situations  where  absolute  loss  is  to  be  measured,  it  becomes  necessary  to 
physically  move  the  10  dB  coupler  and  harmonic  mixer  in  the  test  channel  in 
order  to  reconnect  the  network.  For  these  components  there  will  be  some  error 
Introduced  into  the  calibration  as  a  result  of  moving  the  harmonic  mixer. 
This  error  occurs  because  of  Insertion  phase  changes  resulting  from  the 
flexing  of  the  transmission  line  used  in  connecting  the  mixer  to  the 
receiver.  However,  providing  good  phase-stable  transmission  lines  are  used, 
these  errors  are  generally  small  and  typically  less  than  1  or  2  degrees. 

To  measure  return  loss,  the  10  dB  coupler  in  the  test  channel  is  reversed, 
and  the  system  calibrated  by  first  attaching  a  short  circuit  to  the 
directional  coupler  and  measuring  the  frequency  response  of  the  two  channels 
over  the  band.  Directivity  errors  associated  with  the  directional  coupler  are 
removed  by  replacing  the  short  with  a  sliding  load  and  using  a  sliding  load 
technique  to  determine  the  complex  directivity  error  correction  coefficients 
at  each  frequency.  The  directivity  coefficients  are  stored  and  later  used  in 
an  error  correction  routine  to  subtract  out  the  effects  of  the  coupler 
directivity. 

The  receiving  subsystem  utilizes  a  superheterodyne,  phase-locked  receiver 
for  linearly  converting  the  EHF  signals  in  the  test  and  reference  channels  of 
the  RTN  to  a  lower  frequency  (1  KHz)  where  they  can  be  compared  more  easily  in 
amplitude  and  phase.  This  receiver  was  designed  by  the  manufacturer 
(Sclentlflc-Atlanta,  Inc.)  to  be  operated  manually  at  fixed  frequencies. 
Therefore,  before  incorporating  it  into  the  automated  measurement  system. 
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several  modlf Icatloas  were  necessary,  one  directed  at  automating  the  tuning  of 
the  receiver  LO,  and  two  additional  modifications  aimed  at  Improving  the 
performance  of  the  receiver.  A  brief  summary  of  these  modifications  Is 
described  below: 

Mod.  1:  Provided  a  means  of  externally  tuning  the  receiver  LO  to  enable 

the  receiver  to  be  tuned  and  phase  locked  under  program 
control. 

Mod.  2:  Replaced  the  components  used  to  distribute  the  LO  signal  to  the 

harmonic  mixers  with  better  matched  components  to  minimize  LO 
phase  dispersion. 

Mod.  3:  Improved  the  system  sensitivity  and  measurement  repeatability  by 

providing  a  controllable  dc  bias  to  the  harmonic  mixers  to 
minimize  their  conversion  loss. 

The  downconverslon  of  the  EHF  signals  to  1  KHz  is  performed  In  two 
stages.  The  first  conversion  Is  carried  out  In  the  harmonic  mixers  where  the 
EHF  signals  ace  mixed  with  a  selected  harmonic  of  the  receiver  LO  frequency  to 
produce  an  IF  of  approximately  A5  MHz.  The  exact  frequency  of  the  first  IF  Is 
determined  by  the  frequency  of  a  reference  crystal  oscillator  located  Inside 
the  receiver  to  which  the  signal  Is  phase  locked.  Since  the  RF  frequency  and 
receiver  IF  are  accurately  known,  the  receiver  LO  frequency  required  to 
achieve  phase  lock  can  be  computed  as 


f 


LO 


(2) 


where  n  Is  the  harmonic  number.  Phase  locking  of  the  output  IF  signal  of  the 
harmonic  mixer  with  the  receiver  45  MHz  reference  oscillator  Involves  a 
sequence  of  operations  based  on  counting  the  LO  frequency  and  tuning  the  LO 
either  up  or  down  In  frequency  until  its  frequency  Is  sufficiently  close 
(~50  KHz)  to  the  LO  frequency  (Eqn.  2)  required  to  achieve  phase  lock. 
Because  the  receiver  LO  utilizes  a  mechanically-tuned,  cavity-stabilized 
trlode,  frequency  tuning  Is  achieved  by  varying  the  cavity  dimensions  using  a 
small  direct-drive  synchronous  motor.  The  number  of  tuning  operations 
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required  Co  achieve  phase  lock  varies  somewhat  from  frequency  Co  frequency, 
but  tends  to  average  approximately  five  tries  per  measurement  point.  The 
software  automatically  adjusts  Che  LO  tuning  rate  (In  MHz/sec)  so  that  when 
Che  LO  Is  required  Co  tune  over  large  frequency  spans  (e.g.,  such  as  when  the 
measurement  points  are  widely  separated),  higher  tuning  rates  are  used  to 
minimize  the  tuning  time.  As  Che  LO  frequency  gets  closer  to  Che  frequency 
required  for  phase  lock,  more  control  over  the  LO  frequency  is  needed  and 
slower  tuning  rates  are  used. 

After  the  receiver  has  acquired  Che  input  signal,  the  A5  MHz  signals  In 
the  test  and  reference  channels  are  amplified,  coupled  to  a  second  pair  of 
mixers  (Inside  the  receiver)  and  combined  with  a  second  LO  at  45.001  MHz  to 
produce  a  1  KHz  signal.  The  1  KHz  signals  are  amplified  In  narrowband  tuned 
amplifiers  (BW~100  Hz)  and  outputted  to  amplitude  and  phase  detection  circuits 
where  the  signals  are  time-averaged,  digitized  and  transferred  over  the  data 
bus  to  the  controller. 

Operating  the  receiver  over  the  40  to  47  GHz  frequency  range  requires 
using  at  least  the  I2th  harmonic  of  the  2  to  4  GHz  receiver  LO  to  achieve  the 
necessary  downconverslon  of  the  EHF  signals  to  the  45  MHz  IF.  This 
corresponds  to  tuning  the  LO  over  a  583  MHz  bandwidth,  from  3.330  to  3.913  GHz 
to  cover  the  7  GHz  RF  bandwidth.  Although  higher-order  harmonics  can  be  used 
at  correspondingly  lower  LO  frequencies,  this  serves  no  useful  purpose  since 
it  only  Increases  the  already  high  conversion  loss  of  the  harmonic  mixers 
(~40  dB  for  n=12). 

The  conversion  loss  of  the  harmonic  mixers  is  Influenced  not  only  by  the 
harmonic  number,  but  also  by  the  mixer  LO  power  and  dc  bias.  An  effort  was 
made  to  control  the  LO  power  by  installing  programmable  attenuators  In  the  LO 
signal  paths  leading  to  the  harmonic  mixers.  This  technique  was  found  to  be 
generally  unreliable  due  to  the  inability  to  accurately  control  the  attenuator 
settings  which  resulted  in  a  worsening  of  the  phase  and  amplitude 
repeatability.  As  an  alternative  to  controlling  the  LO  power  directly,  a  more 
suitable  arrangement  was  found  based  on  varying  the  mixer  dc  bias.  In  this 
scheme  the  LO  power  Is  adjusted  to  a  preset  level  over  the  band  using  fixed 
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attenuator  pads  connected  to  the  output  ports  of  the  harmonic  mixers.  At  each 
frequency  the  mixer  bias  was  varied  and  the  receiver  output  was  measured.  The 
mixer  bias  levels  producing  the  largest  output  signal  (i.e.,  minimum 
conversion  loss)  at  each  frequency  are  then  stored  in  memory  and  used  whenever 
the  receiver  is  tuned  to  those  frequencies. 

Control  over  the  measurement  system  is  achieved  using  a  desk-top 
calculator  operating  as  an  instrument  controller  over  the  IEBE-488  Interface 
bus.  Both  the  system  calibration  and  component  measurements  are  automated 
with  the  calculator  controlling  the  EHF  source  frequency  and  power  level, 
receiver  operation,  and  data  collection.  A  measurement  sequence  is  initiated 
by  having  the  operator  input  the  EHF  start  and  stop  frequencies,  the  frequency 
increment,  and  certain  other  parameters  relating  to  the  integration  times 
associated  with  the  amplitude  and  phase  data.  The  system  is  first  calibrated 
by  removing  the  DUT  from  the  test  channel  of  the  RTN  as  described 
previously.  At  each  frequency,  the  controller  programs  the  EHF  source,  tunes 
the  receiver  LO  to  acquire  phase  lock  and  applies  the  appropriate  dc  bias  to 
the  harmonic  mixers.  As  a  means  of  reducing  random  errors  in  the  calibration 
data,  the  calibrations  are  normally  repeated  several  times  and  an  average 
calibration  computed.  When  making  return  loss  measurements,  the  system  is 
calibrated  first  with  a  short  circuit,  and  then  with  a  sliding  load  to 
determine  the  coupler  directivity  errors.  .Following  the  calibration,  the  DUT 
is  inserted  into  the  RTN  and  the  measurements  repeated  in  a  manner  similar  to 
the  calibration  procedure.  For  transmission  measurements  the  average 
measurement  data  is  subtracted  from  the  stored  calibration  data  and  the 
difference,  which  represents  the  frequency  response  of  the  DUT,  is  tabulated 
over  the  frequency  band.  In  the  case  of  return  loss  measurements,  the 
directivity  error  coefficients  associated  with  the  directional  coupler  are 
used  in  an  error  correction  routine  to  determine  the  error-corrected  return 
loss  data. 

The  total  time  required  to  conduct  a  single  calibration  (or  measurement) 
run  obviously  depends  upon  the  frequency  range  and  number  of  frequencies  to  be 
measured.  A  single  measurement  run  over  a  7  GHz  bandwidth  from  40  to  47  GHz 
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at  71  frequencies  (l.e.,  every  100  MHz)  requires  approximately  3  minutes  using 
an  Integration  period  of  0.1  second/measurement,  for  an  average  of 
approximately  2.5  seconds  per  frequency. 
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III. 


EVALUATION  OF  SYSTEM  PERFORMANCE 


1.  Dynamic  Range,  Linearity  and  Input  Signal  Levels 

The  measurement  system  dynamic  range  was  determined  by  applying  a  fixed 
signal  level  to  the  reference  channel  harmonic  mixer  and  varying  the  signal 
level  to  the  test  channel  harmonic  mixer.  Fig.  2  Illustrates  results  obtained 
at  44  GHz  for  two  cases  -  when  signal  levels  of  -20  dBm  and  -30  dBm  are 
applied  to  the  reference  channel  mixer.  For  each  case,  the  power  level  In  the 
test  channel  was  adjusted  over  a  50  dB  range  using  a  rotary  vane  attenuator, 
and  the  relative  difference  In  amplitude  and  phase  between  the  two  channels 
measured.  The  results  in  Fig.  2(a)  show  that  In  both  cases,  measurements  can 
be  made  over  a  minimum  SO  dB  range.  The  maximum  Input  signal  Is  limited  by 
the  saturation  of  the  harmonic  mixers  which  occurs  at  approxmately  -15  to 
-20  dBm  .  At  this  level  the  output  response  Is  compressed  by  approximately 
1  dB  compared  to  the  Ideal  response  of  a  linear  mixer.  The  lowest  useable 
signal  level  Is  determined  by  the  system  sensitivity,  or  more  precisely,  by 
the  minimum  output  slgnal-to-nolse  (S/N)  ratio  which  can  be  tolerated.  For  an 
input  signal  level  of  -70  dBm  (as  measured  at  the  harmonic  mixers)  the  S/N 
ratio  of  the  1  KHz  IF  output  signal  Is  approximately  25  dB,  and  at  this  level 
the  uncertainty  of  the  amplitude  and  phase  readings  is  approximately  ±0.25  dB 
and  ±1.5°,  respectively,  for  a  a  0.1  second  Integration  of  the  output  data. 

Fig.  2(b)  illustrates  how  the  output  phase  varies  as  a  function  of  the 
difference  In  signal  level  between  the  test  and  reference  channel  harmonic 
mixer.  Since  the  signal  level  applied  to  the  test  channel  harmonic  mixer  Is 
reduced  by  the  Insertion  (return)  loss  of  the  DUT  when  Inserted  Into  the  RTN, 
Fig.  2(b)  Indicates  how  the  phase  accuracy  degrades  as  a  function  of  component 
loss.  The  results  show  that  If  the  system  Is  calibrated  by  applying  the  same 
power  level  to  the  test  and  reference  channel,  the  resultant  phase  error  for  a 
component  with  10  dB  of  Insertion  loss  Is  generally  less  than  one  degree.  As 

For  the  measurement  system  In  Fig.  1,  the  maximum  signal  applied  to  the 
harmonic  mixers  Is  limited  to  approximately  -25  dBm  by  the  upconverter  output 
level. 


REL.  PHASE  CHANGE  RELATIVE  OUTPUT  LEVEL  (Test/Ref.) 

BETWEEN  TEST  AND  REF.  (dB) 

CHANNEL  (deg)  .  .  ,  i  , 
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the  difference  in  signal  level  between  the  two  channels  Increases,  so  does  the  ! 

phase  error,  approaching  3°  for  a  50  dB  difference.  | 

The  stability  of  the  measurement  system  Is  another  Important  parameter  | 

since  It  determines  how  often  the  system  must  be  recalibrated.  The  data  i 

presented  In  Fig.  3  Is  typical  of  the  calibration  results  obtained  over  a  one  | 

hour  period.  Over  this  period,  a  total  of  20  separate  calibrations  were 

performed,  one  calibration  every  three  minutes  and  for  each  calibration  the  * 

amplitude  ratio  and  phase  difference  between  the  reference  and  test  channel 
were  measured  at  100  MHz  Intervals  over  the  7  GHz  bandwidth.  At  each  « 

frequency  the  rms  variation  of  the  phase  and  amplitude  calibration  data  Is 
computed  and  plotted  as  a  function  of  frequency.  These  results  clearly 
demonstrate  that  the  system  remains  stable  over  a  period  of  at  least  an  hour, 
so  that  repeating  the  calibration  once  each  hour  would  appear  to  be  adequate 
for  most  component  measurements.  The  worst  case  rms  variation  In  phase  and 
amplitude  over  this  period  la  0.6°  and  0.03  dB,  respectively. 

The  Importance  of  applying  a  dc  bias  to  the  harmonic  mixers  Is  Illustrated 
In  Fig.  4.  This  figure  shows  the  relative  Increase  In  the  conversion  loss  of 
the  test  channel  harmonic  mixer  when  the  dc  bias  Is  removed.  The  measurements 
were  made  by  calibrating  the  system  first  with  the  optimum  bias  applied, 
removing  the  bias  on  the  test  channel  mixer  and  repeating  the  calibration. 

Note  that  at  several  frequencies  over  the  band  the  Increase  In  conversion  loss 
Is  more  than  10  dB. 

2.  Comparison  of  Measured  Results  With  Those  Obtained  Using  Impedance 
Standards 

The  lack  of  readily  available  precision  Impedance  ittandards  complicates  * 

the  task  of  determining  the  accuracy  of  measurement  systems  operating  at 

millimeter  wavelengths.  A  standard  of  attenuation  often  used  Is  the  rotary  « 

vane  attenuator.  The  wide  acceptance  of  the  rotary  vane  attenuator  Is  due 

largely  to  the  direct  and  accurate  reading  of  attenuation  and  to  the  rather 

constant  (attenuation  independent)  phase  shift  obtained  with  this  device.  For 
,  * 

return  loss  measurements,  Beatty  has  suggested  the  use  of  2-port  standards 

*R.  W.  Beatty,  "2-Port  \  Waveguide  Standard  of  Voltage  Standing-Wave  Ratio," 

Electron.  Lett.  9  24  (190). 
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AMPLIT 


LOSS  (dB) 


WITH  D.C.  BIAS 


Fig.  4.  Relative  Increase  In  conversion  loss  of  the  test  channel 
harmonic  mixer  when  the  dc  bias  Is  removed. 
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built  In  reduced-height  waveguide.  These  standards  consist  of  a  short  length 
of  guide  (about  X  /4  at  the  mid-frequency)  In  which  the  narrow  dimension  has 
been  reduced  to  produce  a  step  discontinuity  whose  cross-sectional  dimensions 
are  accurately  known.  The  cross-section  Is  chosen  In  a  manner  to  give  a 
desired  calculable  VSWR.  When  used,  the  standard  Is  terminated  with  a 
standard  height  waveguide  sliding  load.  The  total  reflection  then  consists  of 
the  calculable  reflection  from  the  standard,  plus  the  residual  reflection  from 
the  sliding  load.  The  two  reflections  are  separated  by  performing  a  series  of 
measurements  with  the  load  In  different  positions. 

To  evaluate  the  accuracy  of  the  transmission  measurement  data,  a  series  of 
measurements  were  carried  out  using  a  standard,  commercially  available  rotary 
vane  attenuator  as  the  attenuation  standard.  The  system  was  calibrated  with 
the  attenuator  In  the  teat  channel  of  the  RTN,  and  set  to  0  dB.  At  this 
attenuation  setting  the  input  signal  level  at  the  harmonic  mixer  Is 
approximately  -25  dBm.  Shown  In  Fig.  5  are  the  measured  values  of  attenuation 
and  phase  shift  for  a  5  dB  attenuator  setting.  For  this  setting  the  measured 
values  of  attenuation  and  phase  shift  over  the  frequency  band  are  4.8310.06  dB 
and  -0.2^10.5°,  respectively.  Measurements  similar  to  those  shown  In  Fig.  5 
were  made  at  other  attenuation  settings  and  the  results  of  these  measurements 
are  tabulated  In  Table  1.  In  Table  1  It  can  be  noted  that  the  attenuation 
readings  are  more  linear  over  the  range  from  5  to  50  dB  (within  .1  dB)  and 
that  they  average  approximately  0.2  dB  less  than  the  attenuator  settings. 
Between  the  0  dB  and  5  dB  settings  there  appears  to  be  a  slight  compression  In 
the  amplitude  readings  (~0.15  dB)  apparently  due  to  the  harmonic  mixer 
starting  to  saturate  at  the  -25  dBm  (0  dB  attenuator  setting)  level.  Since 
the  system  was  calibrated  In  the  0  dB  setting,  this  could  account  for  the 
approximate  0.2  dB  offset  In  the  attenuation  measurements. 

The  accuracy  of  the  return  loss  measurements  was  verified  by  conducting  a 
series  of  tests  using  a  set  of  precision,  reduced-height  waveguide 
standards.  Three  gold-plated,  electroformed  standards,  having  nominal  VSWRs 
of  1.2,  1.5  and  2.0  were  fabricated.  After  construction,  the  standards  were 
carefully  measured  to  determine  their  precise  dimensions.  These  numbers  were 
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TRANSMISSION  LOSS  (dB)  PHASE  SHIFT  (deg) 


Fig.  5.  Transmission  loss  and  Insertion  phase  measurements  for 
a  rotary  vane  attenuator  set  to  5  dB. 
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TABLE  I 

MEASURED  TRANSMISSION  LOSS  DATA  OBTAINED  USING  A  ROTARY  VANE  ATTENUATOR 


Attenuator  Setting 

Average  Reading  over  40-47  GHz 

(dB) 

dB 

degrees 

0* 

0±0.02 

0±0.4 

5 

4.83±0.06 

-0.2±0.5 

10 

9.80±0.05 

-0.8±0.5 

20 

19.80±0.10 

-1.2+0. 5 

30 

29.80±0.10 

-1.7±0.6 

40 

39.90+0.15 

-2. 0+0. 7 

50 

49.80±0.25 

-2.6±1.0 

*The  0  dB  setting  was 
variations  shown  for 

used 

the 

in  calibrating 
0  dB  settings 

the  system.  The  amplitude  and  phase 
represent  the  repeatability  of  the 

calibration  data. 
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thea  used  in  a  computer  program  which  calculates  the  complex  s-parameters  over 
the  40  to  47  GHz  frequency  band  •  Figs.  6  through  8  show  a  comparison  of  the 
measured  vs  calculated  results  for  the  three  standards.  For  each  standard, 
the  return  loss,  VSWR  and  the  phase  of  the  reflected  signal  (Sll)  are  plotted 
over  the  40  to  47  GHz  frequency  band.  As  these  figures  show,  good  agreement 
Is  obtained  between  the  computed  vs  measured  results  with  the  difference  In 
phase  between  the  measured  and  calculated  results  averaging  less  than  1°,  and 
the  return  loss  difference  less  than  0.25  dB.  As  before.  It  Is  expected  that 
part  of  the  difference  between  the  calculated  and  measured  return  loss  data 
may  be  attributed  to  a  slight  saturation  of  the  harmonic  mixer,  when  the 
system  Is  calibrated  with  a  short  circuit. 


] 


The  accuracy  of  the  computed  results  was  verified  by  comparison  with  computed 
results  previously  published  by  R.  W.  Beatty,  "Calculated  and  Measured  Sll, 
S21  and  Group  Delay  for  Simple  Types  of  Coaxial  and  Rectangular  Waveguide 
2-Port  Standards,"  National  Bureau  of  Standards,  NBS  Technical  Note  657 
(December  1974). 
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FREQUENCY  (GHz ) 


Fig.  7.  Comparison  of  measured  vs  computed  results  for  a  reduced-height 
waveguide  standard  (VSWR  ~1.5). 
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Fig.  8.  Comparison  of  measured  vs  computed  results  for  a  reduced-height 
waveguide  standard  (VSWR  '-2.0). 
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IV.  DISCUSSION  AND  CONCLUSIONS 


An  automated,  computer-controlled  measurement  system  for  measuring  the 
complex  transmission  loss  ^21^  return  loss  ^22^  components 

over  the  40  to  47  GHz  frequency  range  has  been  described.  The  measurement 
system  utilizes  harmonic  mixing  in  conjunction  with  a  phase  locked,  dual 
channel  receiver  to  downconvert  signals  In  the  7  GHz  bandwidth  to  a  lower 
Intermediate  frequency  (1  KHz)  where  phase  and  amplitude  measurement  made. 

One  of  the  principal  advantages  of  using  harmonic  mixing  Is  that  It  enables 
the  phase/amplltude  receiver  to  be  operated  over  a  broad  range  of  Input 
frequencies  using  selected  harmonics  of  the  2  to  4  GHz  receiver  LO.  In  the 
present  system  configuration,  frequency  range  limitations  are  the  result  of 
bandwidth  limitations  of  the  EHF  source  since  the  harmonic  mixers  and  RTN  are 
both  capable  of  operating  over  a  full  waveguide  frequency  band.  Operation  at 
frequencies  as  low  as  2  GHz  or  as  high  as  100  GHz  or  more  should  be  possible 
with  this  receiver  using  suitable  replacements  for  the  EHF  source,  RTN  and 
harmonic  mixers. 

The  results  of  Section  III  have  demonstrated  that  good  performance  Is 
obtained  over  the  40  to  47  GHz  frequency  range,  based  upon  measurements 

obtained  with  a  rotary  vane  attenuator  and  reduced-height  VSWR  reference 
standards.  Results  obtained  with  these  standards  have  Indicated  that 

measurement  accuracies  of  0.25  dB  and  3°  are  achievable  over  a  50  dB  dynamic 

range.  These  estimates  of  measurement  accuracy,  however,  do  not  Include  the 
effects  of  certain  systematic  errors  such  as  mismatched  errors  or  channel 
cross-talk,  effects  which  can  only  be  eliminated  by  going  to  a  more  complex 
measurement  system  employing  error  correction. 
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